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Mouse embryos deficient in fibronectin (FN-null) die at E8.5 with mesodermal defects. Eight integrin heterodimers a3b1,
a4b1, a5b1, a8b1, avb1, avb3, avb6, and aIIbb3 can bind to FN. However, embryos deficient in each of these integrins
exhibit less severe defects than do FN-null embryos, raising questions as to which integrin(s) are the key FN receptors for
these early FN-dependent processes. a5b1 is believed to be the key receptor and a5-null embryos display mesodermal
efects similar to, although less severe than, those of FN-null. Here we report that the a5-null mutation exhibits a more
severe phenotype on a 129Sv (129) than on a C57BL/6 (B6) background, as does the FN-null mutation. While a5-null/B6
embryos develop normal headfolds, a5-null/129 embryos have headfold defects similar to those of FN-null. The differences
etween FN-null and a5-null embryos, however, cannot be attributed to genetic background. FN-null embryos never form
somites, whereas in a5-null/129 embryos the somites do condense but fail to epithelialize. Second, we examined double
utants carrying all possible pairwise combinations of null mutations in a3, a4, and a5 integrin genes. There was no
evidence for any synergy between paired mutations, suggesting that these integrin genes do not have overlapping functions
during early embryonic development. Finally, we examined double-mutant embryos deficient in both a5 and av integrin
genes. These double-mutant embryos have an amniotic defect similar to that of FN-null embryos, but die even earlier with
a defect in gastrulation. These studies thus revealed a gradation in the severity of defects in the mutations a52/2; av2/2 >
N2/2 (129) > FN2/2 (B6) > a52/2 (129) > a52/2 (B6), and in each step in this series there is a certain degree of phenotypic
verlap, suggesting that the defects arising from these mutations may result from disruptions of the same embryonic
rocess. © 1999 Academic Press
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Adhesive interactions between cells and their surround-
ing extracellular matrix (ECM) play critical roles in devel-
opment and in a variety of physiological and pathological
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264vents (Damsky and Werb, 1992; Adams and Watt, 1993).
he major class of surface receptors that mediates cell–
CM adhesion is the integrin family (Hynes, 1992). Inte-
rins are ab heterodimeric transmembrane glycoproteins
that provide a physical link between the ECM and the
cytoskeleton and are actively involved in signal transduc-
tion (Clark and Brugge, 1995; Schwartz et al., 1995).
Through these molecular interactions, integrins regulate
many cellular functions including cell proliferation (Ro-
sales et al., 1995), apoptosis (Meredith et al., 1993; Frisch
and Francis, 1994), cell differentiation (Adams and Watt,
1993), and cell migration (Lauffenburger and Horwitz,
1996).
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265Development without Fibronectin ReceptorsThe integrin family has more than 20 members, as-
sembled from specific combinations of 18 a subunits and 8
b subunits (Hynes, 1992). Many of these integrins can bind
ore than one ligand, and most of the ligands can be bound
y multiple integrins. Many integrins belong to two sub-
lasses: those containing the b1 subunit and those contain-
ing the av subunit. The integrins in these two subclasses
bind to a number of ECM ligands including fibronectin,
laminin, vitronectin, and collagen. Elimination of the en-
tire b1 subclass of integrins in mice by ablating the b1 gene
esults in embryonic death before day 5.5 of gestation (E5.5),
hortly after implantation (Stephens et al., 1995; Fa¨ssler and
eyer, 1995). On the other hand, ablation of the av gene,
although 100% lethal, yields relatively mild embryonic
defects. Eighty percent of all embryos deficient in av
integrins show a defect during placentation and die around
E10.5; and the remaining 20% can survive until birth with
several defects, most notably intracerebral hemorrhage
(Bader et al., 1998). This is surprising considering that the
av subunit is widely expressed during embryonic develop-
ment (reviewed by Bader et al., 1998). One potential expla-
ation is that av integrins may have overlapping embryonic
functions with other integrins.
Major ECM ligands of integrins are fibronectins (FN), a
group of closely related glycoproteins encoded by a single
gene. FN has essential embryonic functions, demonstrated
by knocking out the FN gene in mice (George et al., 1993,
1997; Georges-Labouesse et al., 1996). Embryos deficient in
FN die between E8 and E8.5 with a number of severe
mesodermal defects including shortened anterior–posterior
axis, disorganized notochord, absence of heart and somites,
and a defect in vasculogenesis in the yolk sac. However, the
initial phases of gastrulation, including extensive mesoder-
mal cell movement, as well as migration of notochordal
precursors, proceed in FN-null embryos (George et al., 1993;
Georges-Labouesse et al., 1996).
There are at least eight integrins reported to be FN
receptors, including a3b1, a4b1, a5b1, a8b1, avb1, avb3,
avb6, and aIIbb3. Gene knockout studies show that, al-
though these integrins all bind to FN, each of them has
unique in vivo functions (reviewed by Hynes, 1996). Among
them, a5b1 is believed to be the key receptor that mediates
the functions of FN during early embryonic development,
since a5 integrin-deficient (a5-null) embryos display em-
ryonic and extraembryonic mesodermal defects similar to
hose resulting from the FN-null mutation (Yang et al.,
993). In contrast, the phenotypes of the null mutations of
ther FN receptors are completely different from those of
N-null. For example, a4-null embryos develop normally
until E10-12 and die because of defects in allantois–chorion
fusion and in the developing hearts (Yang et al., 1995). The
embryos deficient in a3, a8, or av integrin can all complete
estation but die at birth, each with a distinct phenotype
Kreidberg et al., 1996; Mu¨ller et al., 1997; Bader et al.,
998). The defects of FN-null and a5-null embryos, how-ever, are not identical. The a5-null embryos die later than
do the FN-nulls, at E9.5–10. Unlike the FN-nulls, the
p
a
Copyright © 1999 by Academic Press. All righta5-null embryos have relatively normal headfolds, develop
the anterior 10–12 somites, and are able to form the heart
(Yang et al., 1993), although their posterior development is
perturbed.
Since the phenotype of the a5-null mutation is less severe
than that of the FN-null, it is likely that FN receptors other
than a5b1 have overlapping or compensatory roles in me-
diating the early embryonic functions of FN. aIIb is
platelet-specific and not relevant to early development. a8
s not known to be expressed or involved in early develop-
ent and all a8-null embryos develop to term and some are
ven viable (Muller et al., 1997). Therefore, we have con-
entrated on the other known FN receptor integrins. In this
tudy, we have analyzed more closely the roles of a5b1 and
ther FN receptors during early mouse development by (1)
xamining the a5-null mutation on two different inbred
genetic backgrounds and (2) examining embryos doubly
null for genes encoding the a3, a4, a5, and av integrin
subunits.
MATERIALS AND METHODS
Mouse Lines
The mouse lines carrying null mutations in the a3 (Kreidberg et
l., 1996), a4 (Yang et al., 1995), a5 (Yang et al., 1993), and av (Bader
et al., 1998) integrin genes have been reported elsewhere. Two
a5-null lines on a 129Sv background were generated by mating
a51/2/a51/1 chimeric males (Yang et al., 1993) with wild-type
129Sv/Jae mice (a gift from Rudolf Jaenisch). Two a5-null lines on
a C57BL/6 background were generated by backcrossing the original
a5 knockout line for more than seven generations to C57BL/6
NTac mice (Taconic, Germantown, NY).
Genotyping of Embryos
The yolk sac of each embryo was washed in PBS and lysed (150 mM
NaCl, 20 mM Tris, pH 7.5, 5 mM EDTA, 0.5% SDS, and 0.25 mg/ml
proteinase K) overnight at 55°C. For Southern blot analyses, yolk sac
DNA was prepared from the lysate by phenol extraction and ethanol
precipitation. For PCR analyses, yolk sac or embryonic DNA was
prepared from the lysate by isopropanol precipitation by adding 0.2 vol
of 5 M NaCl to each lysate sample. After mixing and centrifugation
0.8 vol of isopropanol was added to the supernatants. The DNA
pellets were redissolved in 5–20 ml double-distilled H2O depending on
he size of the sample. Southern blot analyses for genotyping a3, a4,
nd a5 integrin knockout mutations were carried out as described
espectively in Kreidberg et al. (1996), Yang et al. (1995), and Yang et
l. (1993). The PCR conditions for genotyping the av integrin knock-
out mutation have been described in Bader et al. (1998). For genotyp-
ing the a5 integrin knockout mutation by PCR, the following primers
were used: Wild-type allele, 59-CGTTGAGTCATTCGCCTCT-39,
59-CTACCGCGTCTAGGTTGAAGC-39; mutant allele, 59-TGA-
CCGCTTCCTCGTG-39, 59-CTTCCAGTCCTCGGCG-39. The PCR
reactions were carried out separately for wild-type and mutant alleles.
The PCR conditions were as follows: 13 PCR buffer (67 mM Tris, pH
8.8, 16.6 mM ammonium sulfate, 6.7 mM MgCl2, 0.01% gelatin, 5
mM b-mercaptoethanol), 10% DMSO, 1 mM dNTP, 1.8 ng/ml of each
rimer. The reaction was hot-started for 3 min before adding dNTP
nd Taq polymerase and was run through 40 cycles of the following
s of reproduction in any form reserved.
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267Development without Fibronectin Receptorssettings: 94°C for 1 min, 60°C for 2 min, and 72°C for 3 min. The sizes
of the PCR products were 227 and 758 bp for wild-type and mutant
alleles, respectively.
Morphological and Histological Analysis
Embryos were dissected as described by Hogan et al. (1994).
hole-mount embryos were examined and photographed (Ekta-
hrome 160T film, Eastman Kodak) with a dissection microscope
Nikon) or an Axiophot microscope (Carl Zeiss). For histology,
mbryos were fixed in Carnoy’s solution (60% ethanol, 30%
hloroform, and 10% glacial acetic acid) for 45 min for E8–9.5
mbryos and 15 min for E7–7.5 embryos. The fixed embryos were
ehydrated through an ethanol series, cleared in xylene, and
mbedded in paraffin. Sections (4 mm) were either stained with
Harris hematoxylin and eosin or used for immunohistochemical
analysis.
Immunohistochemical Analysis of Embryos
For examining FN matrix assembly, paraffin sections of embryos
were stained with an anti-rat FN rabbit antiserum (R297.1). The
embryo sections were rehydrated and blocked (10% heat-
inactivated goat serum depleted of FN by gelatin–Sepharose gel
filtration, 0.05% Tween 20 in PBS) at 37°C for 1 h. The sections
were then incubated with the primary antibody (diluted 1:100 in
the blocking buffer) overnight at 37°C, followed by three washes in
PBS and incubation in the blocking buffer for 30 min. A secondary
antibody (diluted 1:200 in the blocking buffer) was then applied for
3 h at 37°C, followed by three washes in PBS. The sections were
mounted in Gelvatol with Dabco anti-fade (Sigma, St. Louis, MO).
The stained sections were examined and photographed using a
CCD digital camera (Scion Corp., Frederick, MD) using CG-7 RGB
color frame grabber and Scion Image version 1.62a (a derivative of
NIH Image program).
RESULTS
The Severity of Phenotype of the a5-Null Mutation
aries with Different Genetic Backgrounds
We have shown previously that a5-null embryos die at
E9.5–E10 with embryonic and extraembryonic defects in-
cluding an arrest in posterior axial elongation, absence of
posterior somites, and vascular defects in the yolk sac (Yang
et al., 1993). At E8, the a5-null embryos begin to show a
mild morphological defect in the curvature of the embryos
(compare Fig. 1C, mutant, with Fig. 1A, wild-type). At E9.5,
these mutant embryos have fairly normal anterior regions
with 10–12 anterior somites (Yang et al., 1993). We have
FIG. 1. Whole mounts of wild-type and a5-null embryos on dif
embryos on a mixed genetic background of C57BL/6 and 129Sv (C,
(A–F) or E9.5 (G, H). The E8 embryos are shown in sagittal (A, C,
headfold was defective and the somite blocks were not as readily
a5-null/B6 embryos (H) showed normal anterior somites but posterior
Bars, 0.2 mm.
Copyright © 1999 by Academic Press. All rightpreviously observed that the severity of the defects in
FN-null embryos depends on the genetic background
(George et al., 1997). Since the a5-null embryos previously
analyzed were on a mixed genetic background of C57BL/6
and 129Sv (a5-null/mix), we generated mice with either a
C57BL/6 background (a5-null/B6) or a 129Sv background
(a5-null/129). The phenotypes of embryos derived from
these lines were studied by examining whole-mount em-
bryos at E8 to E9.5. While the a5-null embryos derived from
he a5-null/B6 line displayed the same phenotype as we
ave previously described (Fig. 1H), those derived from the
a5-null/129 line displayed a somewhat more severe pheno-
type (Figs. 1E and 1F). In contrast to the a5-null/B6 embryos
hat still had a heartbeat at E9.5, most of the a5-null/129
mbryos died earlier and were very small and necrotic at
his stage (data not shown). At E8, the a5-null/129 embryos
egan to show distortions in headfold morphology (Figs. 1E
nd 1F). Interestingly, the headfold defects in the a5-null/
129 embryos were morphologically similar to those found
in the FN-null/B6 embryos with the least severe phenotype
(George et al., 1993, 1997).
The a5-Null/129 Embryos Show Distinct Defects
n Somite Formation
In addition to the headfold defect, in the majority of
a5-null/129 embryos at E8, the somite blocks were not as
readily visible (Fig. 1F) as those in wild-type (Fig. 1B) and
a5-null/mix (Fig. 1D) embryos of the same stage. Histolog-
ical sections of these embryos showed that in wild-type
embryos, somites were composed of a simple spherical
epithelial structure (Fig. 2A), whereas in the mutant em-
bryos, such epithelial somite structures were absent. The
a5-null/129 embryos did, however, form segmented blocks
of mesenchymal cells (Fig. 2B), and the number of seg-
mented blocks and the axial length of the mutant embryos
appeared to be the same as the wild-type embryos at the
same stage (Figs. 1B, 1F, 2A, and 2B). On the other hand,
a5-null/B6 embryos had normal somites at E8 (data not
shown) and began to show posterior truncation and absence
of posterior somites at E9.5 (Fig. 1H), as seen in a5-null/mix
embryos. As in a5-null/mix embryos, the anterior somites
n a5-null/B6 appeared normal (Fig. 2C). The somite defect
found in a5-null/129 embryos differed from that of the
FN-null embryos, which failed to form condensed struc-
tures in the paraxial mesoderm whatever their genetic
background (George et al., 1993, 1997; Georges-Labouesse
et al., 1996). Thus, the differences between FN-null and
t genetic backgrounds. Wild-type (A, B, G) and a5-null (C–F, H)
either pure 129Sv (E, F) or pure C57BL/6 (H) were compared at E8
r dorsal (B, D, F) views. In the E8 a5-null/129Sv embryos (F), the
le as in the wild-type (B) and a5-null/mix (D) embryos. At E9.5,feren
D) or
E) o
visibdeformities. White arrows, somites; white arrowheads, headfold.
s of reproduction in any form reserved.
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268 Yang et al.a5-null embryos cannot be attributed to genetic back-
FIG. 2. Histological analysis of somite formation in a5-null
mbryos. (A) A histological section of a wild-type embryo at E8,
howing somites with spherical epithelial structures. (B) A histo-
ogical section of an a5-null/129 embryo at E8. The paraxial
mesoderm shows segmented blocks of mesenchymal cells without
epithelialization. (C) A histological section of an a5-null/B6 em-
ryo at E9.5. The embryo has normal anterior somites. Arrows,
omites. Bars, 0.05 mm.ground, although each mutation exhibited a more defective
phenotype on a 129Sv than on a C57BL/6 background.
Copyright © 1999 by Academic Press. All rightEmbryos Doubly Deficient in a3, a4, and a5
ntegrin Genes Do Not Show Synergies
n Their Phenotypic Defects
Since the phenotypes of a5-null embryos on either of two
enetic backgrounds were less severe than those of the
N-null embryos, this raises the possibility of involvement
f (an)other integrin(s) in mediating FN-dependent func-
ions during early embryonic development. However, none
f the null mutations of other FN receptors had defects
imilar to those of FN-null (Yang et al., 1995; Kreidberg et
l., 1996; Muller et al., 1997; Bader et al., 1998). To
determine whether FN receptor integrins have overlapping
functions during early embryonic development, we exam-
ined mouse embryos doubly null for a3, a4, and a5 integrin
genes (all on mixed genetic background of 129Sv and
C57BL/6). The progeny of doubly heterozygous parents at
E9.5 are summarized in Table 1. The numbers of embryos
with each genotype were consistent with the expected
Mendelian ratios, indicating that the embryos did not die
TABLE 1
Genotypes of E9.5 Progeny from Intercrosses between a3, a4, a5
Double-Heterozygote Parents
Genotype Expected Observed
a31/1; a41/1 6 4
a31/1; a41/2 12 11
a31/1; a42/2 6 4
a31/2; a31/1 12 11
a31/2; a41/2 24 22
a31/2; a42/2 12 8
a32/2; a41/1 6 6
a32/2; a41/2 12 16
a32/2; a42/2 6 10
Total 96 92
a31/1; a51/1 2.5 2
a31/1; a51/2 5 5
a31/1; a52/2 2.5 5
a31/2; a51/1 5 2
a31/2; a51/2 10 8
a31/2; a52/2 5 5
a32/2; a51/1 2.5 3
a32/2; a51/2 5 6
a32/2; a52/2 2.5 4
Total 40 40
a41/1; a51/1 7.5 2
a41/1; a51/2 15 10
a41/1; a52/2 7.5 17
a41/2; a51/1 15 16
a41/2; a51/2 30 33
a41/2; a52/2 15 11
a42/2; a51/1 7.5 11
a42/2; a51/2 15 16
a42/2; a52/2 7.5 7
Total 120 123
s of reproduction in any form reserved.
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269Development without Fibronectin Receptorsany earlier than the single-null mutants. As shown in Fig. 3,
none of the double-null mutants showed defects more
severe than the single-null mutants. a3/a5 double-null
mbryos (Figs. 3I and 3J) had the same phenotype as the
a5-null embryos (Figs. 3G and 3H), with the characteristic
posterior truncations and kinky neural tubes. a4/a5 double-
ull embryos (Figs. 3K and 3L) had both the a5-null defects
and the allantois defect of a4-null embryos (Yang et al.,
1995). a3/a4 double-mutant embryos (Figs. 3M and 3N) had
he same phenotype as the a4-null embryos (Figs. 3E and
F). Histological sections of the double-null embryos
howed that somites appeared normal in all these doubly
eficient embryos (Fig. 3). That is, there appeared to be no
ynergy between these integrin deficiencies.
Embryos Deficient in both a5 and av Integrin
enes Are Defective at the Egg Cylinder Stage
Since our previous studies using in vitro cultured embry-
onic cells showed that a loss of a5 integrin in these cells
ould be compensated functionally by av integrins (Yang
nd Hynes, 1996), we examined embryos doubly null for a5
nd av integrin genes (on a mixed genetic background of
C57BL/6 and 129Sv). At E8, the majority of a5 single-null
embryos had a mild defect in the curvature of the embryos
(Yang et al., 1993; see Fig. 1C). Two of 13 a5 single nulls had
dditional defects in the headfold similar to those found in
he a5-null embryos with a 129Sv background (see Figs. 1E
nd 1F). Interestingly, embryos homozygous for the a5-null
nd heterozygous for the av-null mutations had a higher
ratio of embryos with the more severe a5-null/129 pheno-
type (11 of 20). All genotypes except the double nulls were
detected within the expected ranges of the Mendelian ratios
(Table 2). The number of double-null embryos was much
lower (4 of 169) than expected (11 of 176). Among the four
surviving double-null embryos, one had the mild curvature
defect of a5-null/mix, two had the more severe headfold
efect of a5-null/129, and one was at the egg cylinder stage.
herefore, the combination of null and av-null mutations
does produce increased severity of defects.
At a slightly earlier stage, E7.5–7.75, all genotypes, in-
cluding the double nulls, were detected at the expected
Mendelian ratios (Table 2), indicating that the majority of
the double-null mutants died shortly after E7.5 when the
embryos were at the egg cylinder stage. Among the E7–7.75
embryos derived from a5/av double-heterozygous crosses,
various degrees of defective phenotypes were found in
a52/2; av1/1 (two of six scored), a52/2; av1/2 (six of nine
cored), and a52/2; av2/2 (six of seven scored) embryos. In all
of these defective embryos, the epiblasts appeared not to be
fully extended, and the amnion was located closer to the
epiblast (Figs. 4B, 4D, and 4F), a defect that is also found in
FN-null embryos (George et al., 1993). Four a52/2; av1/2
embryos were more advanced than the rest and had mild
defects in the presumptive headfold (Fig. 4F) similar to the
headfold defect in FN-null (George et al., 1993) and a5-null/
29 embryos at E8 (Fig. 1E). Five a52/2; av2/2 embryos
Copyright © 1999 by Academic Press. All rightexhibited an even more defective phenotype (Fig. 4B, D)
that was not found in FN-null or a5 single-null embryos. In
addition to the amniotic defect, these double-null embryos
appeared to lack the mesodermal layer at the anterior of the
epiblasts, although they did form an allantois at the poste-
rior (Figs. 4B and 4D). Therefore, absence of both a5 and av
integrin subunits produced more severe and earlier meso-
dermal defects than absence of either one alone. Indeed, the
defects at E7.5–7.75 appeared more severe even than those
exhibited by FN-null embryos (George et al., 1993, 1997;
Georges-Labouesse et al., 1996).
FN Levels Are Markedly Reduced in Embryos
Deficient in both a5 and av Integrin Genes
We have previously shown that a5b1 integrin was not
equired for FN matrix assembly either in vitro or in vivo
Yang et al., 1993). We also showed that FN matrix assem-
ly in embryonic cells derived from wild-type and a5-null
embryos was inhibited by an anti-av antibody, and the
inhibitory effect of the antibody was much stronger on
a5-null cells than on wild-type cells (Yang and Hynes,
1996). Therefore, we examined FN matrix formation in
embryos deficient in both the a5 and the av integrin genes.
Immunofluorescence staining using an anti-FN antibody on
embryo sections showed that FN was strongly expressed in
wild-type embryos along the borders of the three germ
layers (Fig. 5A). However, the levels of FN matrix in the
double-null embryos were markedly reduced. Interestingly,
weak staining was detected along the border of two germ
layers instead of three (Fig. 5B) consistent with the reduced
mesodermal expansion in the doubly null embryos (Fig. 4).
The levels of FN in the av2/2 and a52/2; av1/2 embryos
appeared to be somewhat reduced, although to a lesser
degree (data not shown). Therefore, absence of both a5 and
av integrins compromises assembly of a FN-rich matrix.
DISCUSSION
a5b1–FN Interactions Are Critically Important
or Somitogenesis
We have previously reported that the a5-null mutation in
embryos with a mixed genetic background of C57BL/6 and
129Sv results in defects in posterior somite formation, but
these mutant embryos do develop the anterior 10–12
somites (Yang et al., 1993). The absence of posterior
omites in these embryos could be due to a developmental
rrest, a failure of recruitment of paraxial mesodermal cells
uring axial elongation, or a failure in posterior somitogen-
sis. Studies using a number of paraxial–mesodermal mark-
rs such as Notch-1 and mox-1 suggest that somite progeni-
or cells are indeed recruited into the paraxial mesoderm in
a5-null embryos (Goh et al., 1997). In the present study, we
show that the a5-null embryos on an inbred 129Sv back-
ground fail to form spherical epithelial somites, although
their paraxial mesoderm does form segmented blocks of
s of reproduction in any form reserved.
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wi
271Development without Fibronectin ReceptorsFIG. 4. (A–D) Sagittal views of wild-type (A, C) and a52/2; av2/2 (B, D) embryos at E7.5. In the double-null embryos, the mesodermal layer
at the anterior of the epiblasts was absent (black arrows), and the amnion was closer to the epiblast (white arrows). (E, F) Sagittal views of
wild-type (E) and a52/2; av1/2 (F) embryos at E7.75. The mutant embryo shows a headfold defect, and the amnion was also closer to the
epiblast. Black arrowheads, allantois; white arrows, amnion; white arrowheads, headfold. Bars, 0.1 mm.FIG. 3. Sagittal views of whole-mount embryos (A, C, E, G, I, K, M) and histological sections (B, D, F, H, J, L, N) of E9.5 embryos that were
ild-type (A, B), a32/2 (C, D), a42/2 (E, F), a52/2 (G, H), a32/2; a52/2 (I, J), a42/2; a52/2 (K, L), and a32/2; a42/2 (M, N). There was no synergyamong the mutations. The different appearance of a52/2 (G) and a32/2; a52/2 (I) is because the latter retains its amniotic membrane. There
s no consistent difference between embryos of these genotypes. Bars, 0.2 mm (white bars) and 0.1 mm (black bars).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
s
c
r
d
T
m
s
c
a
f
s
p
i
a
c
l
strula
d (P
272 Yang et al.mesenchymal cells. This defect is likely to be a defect in
somitogenesis rather than a developmental delay, since
mutant and wild-type embryos, which have a similar axial
length, form the same number of segmented blocks, but the
segmented mesenchyme in mutant embryos fails to epithe-
lialize. Our results indicate that, in a particular genetic
background, a5b1 integrin is required for the formation of
pherical epithelial structures of segmented mesenchymal
ells during somitogenesis.
Somitogenesis in the mouse embryo begins with the
ecruitment of mesenchymal cells into the paraxial meso-
TABLE 2
Genotypes of Progeny from Intercrosses between a5/av Double-H
Genotype Expected
E8 a51/1; av1/1 11
a51/1; av1/2 22
a51/1; av2/2 11
a51/2; av1/1 22
a51/2; av1/2 44
a51/2; av2/2 22
a52/2; av1/1 11
a52/2; av1/2 22
a52/2; av2/2 11
Total 176
Genotype Expected
E7.5 a51/1; av1/1 11.5
a51/1; av1/2 23
a51/1; av2/2 11.5
a51/2; av1/1 23
a51/2; av1/2 46
a51/2; av2/2 23
a52/2; av1/1 11.5
a52/2; av1/2 23
a52/2; av2/2 11.5
Total 184
a Curvature defect: see Fig. 1C.
b Headfold defect: see Figs. 1E and 1F.
c Amniotic defects: amniotic defect, see Figs. 4B, 4D, and 4F.
d Gastrulation defect: see Figs. 4B and 4D. Embryos with the ga
* The numbers are statistically significantly lower than expecteerm from the primitive streak and the tail bud (Tam and
rainor, 1994). The mesenchymal cells in the paraxial
1
s
Copyright © 1999 by Academic Press. All rightesoderm form presomitic segments that have been called
omitomeres (Meier, 1979), which mature with changes in
ellular organization (Ostrovsky et al., 1988). The tissue
rchitecture undergoes two major changes during the trans-
ormation to somites: (1) the mesenchymal cells in each
omitomere form close intercellular contacts (called com-
action or cell condensation); and (2) the cells are organized
nto a simple spherical epithelial structure (called epitheli-
lization). This cellular reorganization is accompanied by
hanges in cell shape, cytoskeletal organization, extracellu-
ar matrix composition, and adhesivity of cells (Meier,
zygote Parents
bserved Phenotype
10 All normal
22 All normal
11 All normal
23 All normal
52 All normal
14 All normal
13 5 normal
6 curvature defecta
2 headfold defectb
20 2 normal
7 curvature defecta
11 headfold defectb
*4 0 normal
1 curvature defecta
2 headfold defectb
1 egg cylinder
169
bserved No. embryos scored for phenotype
13 10 All normal
28 21 All normal
10 7 All normal
22 12 All normal
56 31 All normal
18 10 All normal
10 6 4 normal
2 amniotic defectc
16 9 3 normal
6 amniotic defectc
12 7 1 normal
6 amniotic defectc
(5 gastrulation defect)d
185
tion defect also had the amniotic defect.
, 0.05).etero
O
O979; Ostrovsky et al., 1988; Bellairs et al., 1978). Expres-
ion studies show that the cellular changes during somite
s of reproduction in any form reserved.
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273Development without Fibronectin Receptorsmaturation correlate with changes in the expression pat-
terns of cell adhesion molecules, such as N-cadherin and
NCAM (Duband et al., 1987), and ECM molecules such as
FN and laminin (Tam and Trainor, 1994) and Lash et al.
(1984) have reported that FN promotes compaction of
segmental plate cells to form somites. It has been hypoth-
esized that, while cell–cell adhesion is involved in the
compaction of mesenchymal cells, cell–ECM adhesion in-
fluences differential traction forces generated by somitic
cells during compaction and epithelialization (Bard, 1990).
Our observation that the spherical epithelial structures of
somites fail to form in a5-null embryos supports these
hypotheses. a5b1 integrin-mediated cell adhesion to FN
ould be involved in either compaction or epithelialization,
r both, during somitogenesis.
The Differences between FN-Null and a5-Null
mbryos Cannot Be Attributed to Genetic
ackground
FIG. 5. Immunohistochemical staining of E7.5 wild-type (A) and
arkedly reduced in the double-mutant embryo (arrows). Noti
ouble-mutant embryo had only two germ layers. Bars, 0.1 mm.The FN-null mutation exhibits a more severe phenotype
on a 129Sv than on a C57BL/6 background (George et al.,
Copyright © 1999 by Academic Press. All right997). In this study, we show that the phenotype of a5-null
mutation also varies depending on genetic background.
While a5-null/B6 embryos develop normal headfolds, a5-
ull/129 embryos have headfold defects similar to those of
N-null embryos. However, the a5-null/129 and FN-null
mbryos, while showing similarities, are not the same.
sing presomitic and somitic markers, it has been shown
hat in FN-null embryos the presomitic cells fail to con-
ense into somites and there is little segmentation in the
araxial mesoderm (Georges-Labouesse et al., 1996),
hereas in a5-null/129 embryos, the presomitic cells do
form segmented blocks, although epithelialization fails to
occur. Therefore, the somite defect in all FN-null embryos,
whatever their genetic background, is more severe than that
in a5-null/129 embryos. One possibility is that other FN
eceptors (integrins or others) function during somitogen-
sis in the absence of a5b1 integrin. Alternatively, there
may be other deleterious consequences of the absence of a
FN-rich matrix, such as a failure of assembly of other
/2; av2/2 (B) embryos with an anti-FN antibody. FN staining was
at the wild-type embryo had three germ layers, whereas thea52
ce thmatrix molecules or of recruitment of growth factors into a
matrix dependent on FN assembly.
s of reproduction in any form reserved.
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274 Yang et al.a3b1 and a4b1 Integrins Do Not Have
Overlapping Functions with a5b1 Integrin
in Early Embryonic Development
We showed previously that cultured cells derived from
E9.5 embryos lacking both a4b1 and a5b1 were able to
adhere to and migrate on FN, indicating that there must be
(an)other FN receptor(s) that mediate the FN-dependent
functions of these cells (Yang and Hynes, 1996). In this
study we show that null mutations in a3, a4, and a5
ntegrin genes do not have synergistic effects when com-
ined pairwise, suggesting that a3b1, a4b1, and a5b1 inte-
grins do not have overlapping or compensatory functions in
embryonic stages at or before E9.5. These results are also
consistent with expression studies. Although a3b1, a4b1,
nd a5b1 integrins are all expressed during embryonic
evelopment (Sutherland et al., 1993; Yang et al., 1995),
heir expression patterns in the embryos appear not to
verlap. At E9.5, a3 is expressed in the presumptive epider-
mis (DiPersio and Hynes, unpublished results); a4 is ex-
pressed under the heart (Pinco and Yang, unpublished
results); and a5 is expressed widely in mesenchymal tissues
and blood vessel walls (Goh et al., 1997).
Another FN receptor integrin, aIIbb3, is platelet-specific
nd has no function in early development. That is most
learly shown by the viability of b3-null mice (Hodivala-
Dilke et al., 1999). Similarly, a8b1, which can bind to FN as
ell as to several other ligands, is also likely to be unin-
olved in early development; it is not known to be ex-
ressed then and a8-null embryos proceed to term and some
a8-null animals are viable (Mu¨ller et al., 1997). The remain-
ing known integrins that can serve as FN receptors all share
the av subunit and results presented here and elsewhere
uggest that av integrins may overlap in function with
a5b1.
FN Matrix Assembly in Vivo Involves both a5
nd av Integrins
FN is secreted by cells and is deposited as insoluble
matrices pericellularly in a multistep process promoted by
integrin receptors on cell surfaces. This model was first
supported by observations that functional blocking reagents
that disrupt binding of FN and a5b1 integrin inhibited FN
matrix assembly in vitro (McDonald et al., 1987; Fogerty et
al., 1990; Akiyama et al., 1989) and that reexpression of
a5b1 in Chinese hamster ovary cells lacking this receptor
estored the ability of the cells to assemble FN matrix (Wu
t al., 1993). However, in the absence of a5b1 integrin, FN
was expressed normally in embryos, and FN matrix was
assembled in cultured embryonic cells (Yang et al., 1993),
suggesting that other integrins or/and factors may be in-
volved. Previously we reported that cultured embryonic
cells lacking both a4 and a5 integrin genes were able to
ssemble FN matrix, whereas disruption of both a5b1 and
av integrins by applying an anti-av integrin antibody to
a5-null embryonic cells showed synergistic inhibition of
FN matrix assembly (Yang and Hynes, 1996). In another
Copyright © 1999 by Academic Press. All righteport by Wennerberg et al. (1996), FN matrix assembly was
hown to be promoted by avb3 in cells lacking the b1
integrin gene. These observations suggest that the av inte-
rins are also involved in FN matrix assembly. Here we
eport that the levels of FN are markedly reduced in
mbryos lacking both a5 and av integrins, which strongly
upports an overlapping role of a5b1 and av integrins in FN
matrix assembly in vivo. Interestingly, preliminary results
on av2/2 and a52/2; av1/2 embryos suggest some reduction
in assembly of FN matrix (unpublished data), again impli-
cating av integrins.
FN and a5 and av Integrins Play Overlapping
but Distinct Roles in Gastrulation
FN and its receptors have long been suggested to play
important roles in gastrulation. FN is expressed in gastru-
lating chick embryos, along the path where mesodermal
cells migrate (Critchley et al., 1979; Duband and Thiery,
1982), and antibodies to FN or an RGD peptide that blocks
FN-integrin binding both inhibit migration of mesodermal
cells in amphibian (Boucart et al., 1984; Darribere et al.,
1988) and avian (Harrisson, 1989) embryos. However, gas-
trulation does proceed in mouse embryos deficient in FN,
where extensive mesodermal differentiation and movement
occurs (George et al., 1993; Georges-Labouesse et al., 1996).
This suggests that, in mouse embryos, FN can be replaced
by some other molecule or that FN itself is not essential.
Furthermore, the original primary candidate FN receptor
integrin, a5b1, also appears to be nonessential for gastrula-
tion (Yang et al., 1993; Goh et al., 1997), raising the issue of
alternative FN receptors. We believe that the results re-
ported here can best be interpreted as showing that a5b1
nd av integrins, both known FN receptors, both contribute
to gastrulation and are also consistent with a role for FN but
also for additional unknown contributors. We report here
that embryos deficient in both a5 and av integrin genes die
between E7.5 and E8 and have defects more severe than
those in embryos deficient in either one of the two genes
(a5-null die at E9.5 and av-null die at E10–12 or at birth)
nd, indeed, more severe than those in the FN-null embryos
which die at E8.5). Therefore, the defects in the double-null
mbryos cannot simply be a result of a failure in FN matrix
ormation; there must be additional functions of the inte-
rins, perhaps including the binding of additional ligands.
ne interesting observation is that there is a dosage effect
f the av integrin gene on the a5-null mutation, but there is
o dosage effect of the a5 integrin gene on the av-null
utation (see Table 2). This result suggests that a5b1
ntegrin plays a primary role during early embryonic devel-
pment, whereas av integrins play a secondary role. Since
our in vitro studies show that avb1 is able to compensate
unctionally for the loss of a5b1 in cultured embryonic cells
(Yang and Hynes, 1996), av integrins may also play a
compensatory role in vivo. Our results, however, do not
rule out a possible normal functional overlap of a5b1 and
av integrins in embryonic development.
s of reproduction in any form reserved.
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275Development without Fibronectin ReceptorsA majority (five of seven) of the a5/av double-null em-
bryos we examined at E7.5 arrested at the egg cylinder stage
with an apparent defect in gastrulation. The double-null
embryos appeared not to form a mesodermal layer beneath
the presumptive headfold, as observed both by whole-
mount studies and by immunohistochemical staining using
an anti-FN antibody. This gastrulation defect appeared not
to be due solely to a developmental delay, since wild-type
embryos with the same overall size did form a mesodermal
layer, which could be easily seen by whole-mount observa-
tions. Gastrulation did proceed to a certain extent in the
double-null embryos, however, since extraembryonic tis-
sues such as allantois did form in all mutant embryos and
some of them did develop headfolds. Further analyses using
mesodermal markers will be necessary to address the ques-
tion of exactly how far gastrulation does proceed in these
double-null embryos. This will be difficult given the low
yield of double-null embryos with the gastrulation defect.
Nevertheless, our studies show that, at least at the morpho-
logical level, gastrulation is defective in many double-null
embryos.
Although embryos deficient in both a5 and av integrin
enes have a gastrulation defect that is not observed in the
N-null embryos, the two mutant strains (a52/2; av2/2 and
N2/2) display some similar features. Both result in an
mnion closer to the embryos and in embryos that are not
ully extended. There is a gradation in the severity of
efects in the following mutations: a52/2; av2/2 . FN2/2
(129) . FN2/2 (B6) . a52/2 (129) . a52/2 (B6), and, in each
step in this series, there is a certain degree of phenotypic
overlap (see Fig. 6). This observation suggests that the
mesodermal defects of these mutations may be a result of a
FIG. 6. A summary of mesodermal defects in embryos deficient
mutant strains show overlapping phenotypes suggesting that the va
severe on a 129Sv than on a C57BL/6 background suggesting thatdisruption of the same embryonic process, that is, gastru-
lation, but the defects in the latter ones are less severe and
Copyright © 1999 by Academic Press. All rightre not obvious enough to be interpreted as a defect in
astrulation. Why the FN-null defect is less severe than the
a5/av double-null is not clear. Perhaps there is an unknown
actor that compensates for the loss of FN but has a weaker
ffect in a5/av double-null embryos, such as another matrix
protein that is a ligand for av integrins. One obvious
andidate, vitronectin, is clearly not essential since
itronectin-null mice are completely viable (Zheng et al.,
995), as are strains lacking other av ligands: tenascin (Saga
et al., 1992), thrombospondin (Lawler et al., 1998), os-
teopontin (Liaw et al., 1998), and even double mutants
lacking both vitronectin and osteopontin (Liaw et al., 1998).
It will be of interest to investigate further whether the
compensatory factor or mechanism for FN is integrin-
mediated and/or is dependent on other ECM interactions.
Therefore, these results reveal both overlapping and dis-
tinct functions for the various FN receptor integrins during
early embryogenesis. The early defect in gastrulation ob-
served in the a52/2; av2/2 embryos (but not in FN2/2
embryos) brings the results on murine embryos in closer
alignment with those in amphibians and birds, where
FN–integrin interactions are necessary for this process. It
appears that some other molecule(s) can substitute for FN
in mice but not in the other systems. Finally the parallel
effects of genetic background on the severity of the defects
in a5-null and FN-null embryos point clearly to the exis-
ence of interacting genes.
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